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Sox family transcription factors have emerged as key regulators of multiple developmental processes,
including fate determination and differentiation in multiple tissues. In this issue of Cell Stem Cell, Nowak
et al. (2008) implicate Sox9 in the specification of early hair follicle stem cells and subsequent epithelial
lineages.Epithelial stem cells in the mouse and
human adult hair follicle (HF) reside in
a highly specialized niche, known as the
‘‘bulge,’’ and give rise to all epithelial cells
of the HF, the sebaceous gland, and the
interfollicular epidermis. In human HF
and in rodent vibrissae, the bulge appears
early in development as a focal swelling of
the HF outer root sheath (ORS), whereas
in mouse pelage HF, the bulge only be-
comes anatomically apparent at 3 weeks
postnatally, at the start of the first adult
hair cycle. Despite the late appearance
of the bulge, it is presumed that early
stem cells must exist in the mouse prior
to this time to generate the initial matrix
cells and elongating hair shaft, populate
the epidermis, give rise to the sebaceous
gland, and respond to wounding (Cot-
sarelis, 2006; Fuchs, 2008; references
therein). Molecular markers and lineage
tracing methods that would determine
the origin of adult bulge cells and enable
identification of early quiescent stem cells
have been scarce. In this issue, work by
Nowak et al. (2008) provides a lineage
analysis of early stem cell precursors for
the first time, which are marked by the
transcription factor Sox9.
Sox9, a member of the SRY-related
high-mobility-group box (Sox) family of
transcription factors, has been shown to
have a role in directing the morphogene-
sis, survival, and maintenance of diverse
tissue types and their respective develop-
mental lineages (reviewed in Lefebvre
et al., 2007).
The first evidence for a role of Sox9 in
hair follicle morphogenesis and differenti-
ation was revealed by Vidal et al. (2005). In
situ hybridization revealed that Sox9 is
normally expressed in the whisker pad
epithelial placodes from E12.5 and in the
pelage hair follicle placodes at E14.5.
Immunofluorescence microscopy con-
firmed Sox9 expression from E18.5
through P25, in the HF bulge, where it
overlapped with CD34 (a well-established
marker of bulge cells), as well as in the
sebaceous gland lineage (Vidal et al.,
2005).
In this earlier study, conditional ablation
of sox9 was induced at around E18.5 us-
ing Y10:Cre, resulting in mice born with
fragile, atrophic hair shafts on the caudal
region of the body, where Y10:Cre was
active (Vidal et al., 2005). The first mor-
phological abnormalities emerged around
postnatal day 8, when amarked decrease
in the number of hair matrix cells became
evident, due in part to a reduction in pro-
liferative capacity of the matrix, as well
as an increase in apoptosis in the lower
ORS and precortex. Hair bulb length
was also reduced at this time point, and
subsequent degeneration of the HF was
observed after the first hair cycle. Inter-
estingly, Sox9 also appears to be required
for bulge formation, as indicated by the
absence of CD34 and reduction in K15
expression in these animals. Vidal and
colleagues reasoned that, since the loss
of proliferative cells in the matrix occurs
soon after Sox9 ablation, and Sox9 is not
expressed in the matrix cells at the time
of their depletion, the requirement for
Sox9 is likely indirect, and perhaps due
to the absence of the bulge itself. Pre-
sciently, they postulated that Sox9 not
only is expressed by adult HF bulge
stem cells, but may also be required for
their survival.
In this issue, Nowak and colleagues
(2008) have now performed earlier condi-
tional ablation studies of Sox9 and uncov-
ered several crucial functions in epidermal
lineage specification. For these experi-
ments, the authors selected the K14-Cre
driver, which is active in epidermal kerati-
nocytes and HF placodes at E13.5. Such
an early ablation permits the first targeting
of both the embryonic precursor pool and
their descendents in the adult HF bulge.
The authors used this same promoter,
along with transgenic overexpression, in
a previous study to demonstrate a role
for Lhx2 in specifying a pool of early HF
stem cell progenitors and in hair follicle
stem cell maintenance (Rhee et al.,
2006). In the current analysis, the authors
integrate the Lhx2 and Sox9 findings to
present a fascinating new model of stem
cell partitioning in the HF placode and its
implications for HF morphogenesis.
Using a series of elegant label-retaining
studies performed at early time points and
a battery of new molecular markers, the
authors have traced the path of early cells
in the epithelial placode that are marked
by the transcription factors Lhx2 and
Sox9, and whose expression is reprised
in the adult HF bulge (Nowak et al., 2008).
The authors demonstrate a reciprocal
pattern of Sox9 and Lhx2 expression in
the HF placode using high-resolution anti-
body staining of nuclear Sox9. They found
that Sox9 is not expressed throughout
the early placode, but rather is expressed
exclusively in a small subset of supra-
basal cells, just above the Lhx2- and
P-cadherin-expressing cells that com-
prise the leading edge of the invaginating
hair germ. The subcompartmentalizationCell Stem Cell 3, July 2008 ª2008 Elsevier Inc. 3
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Previewsof Sox9 and Lhx2 expression within differ-
ent domains of the placode suggested to
the authors that these two populations
may have discrete functions.
Indeed, their results also demonstrate
distinct roles for the two populations of
placode cells during HF morphogenesis,
with Lhx2 participating in early events,
and Sox9 taking over in the later stages.
The authors show that the cells express-
ing Lhx2/P-cadherin are in fact transient
in nature, and contribute only to the initial
stages of HF morphogenesis, giving rise
to the initial hair bulb but then disappear-
ing by about P7. In contrast, the few pla-
code cells that are marked by Sox9 give
rise to a long-lived stem cell population
with several essential functions, one of
which is the completion of hair follicle
morphogenesis. The observation that
the initial matrix cells are Sox9 negative
explains why the first stages of HF mor-
phogenesis are not disrupted in K14-
Cre;Sox9flox/flox mutants, and also why
they undergo arrested development at
the point when Sox9-positive matrix cells
replace the Lhx2-positive cells at P7.
Notably, this is the same time point at
which Vidal et al. (2005) reported the
initial signs of hair follicle degeneration
in their mice, beginning with a depletion
of matrix cells in Y10:Cre;Sox9flox/flox
mutant animals.
The notion of architectural substructure
within a stem cell niche is also highlighted
by this study. Several years ago, these au-
thors were also the first to delineate two
compartments within the bulge stem cell
niche (Blanpain et al., 2004), defining dif-
ferent molecular properties to two distinct
epithelial cell layers within the bulge.
Larouche et al. (2008) have recently
demonstrated yet another epithelial cell
compartment within the bulge of rodent
vibrissae follicles, each of which can be
distinguished by a different complement
of keratins. Whereas the placode was
previously thought of as a relatively ho-
mogenous epithelial cell population, this
study reveals that a substructure exists
within the placode as well. Future studies
will undoubtedly reveal the precise layer
of the adult HF bulge in which Sox9-posi-
tive, Lhx2-positive, and other marked
cells reside, and begin to distinguish the
functional contributions of the different
layers to HF morphogenesis and cycling.
Compartmentalization of the placode
also raises the possibility that signaling
pathways may be differentially active in
both populations of cells. It is known
that many developmental signaling path-
ways are active within the placode, in par-
ticular, Wnt, Shh, and BMP. Future stud-
ies must now also superimpose the
localization of ligands and receptors
within the basal versus suprabasal cells
of the placode, and consider how their rel-
ative positions may provide insight into
their respective functions.
Several important novel concepts
emerge from this study. First, label-retain-
ing cells (LRCs) are specified early in
morphogenesis and define a niche of mul-
tipotent quiescent SCs within the devel-
oping HF. Second, these LRCs are the
precursors of the LRCs that reside in the
adult bulge, and they originate from
a few cells within the HF placode. Third,
the early cells marked by Sox9 give rise
not only to the adult SCs of the bulge,
but also the sebaceous gland lineage
and the HF infundibulum, and they partic-
ipate functionally in the epidermal wound-
healing response. These findings also
lend critical support to the earlier work of
Oshima et al. (2001), who previously
showed that, in the whisker follicle, bulge
cells migrate downward along the ORS
and into the bulb. This work demonstrates
that a similar mechanism is utilized by
pelage follicles. The authors show that
replenishment of the matrix by Sox9-pos-
itive bulge cells postnatally not only oc-
curs in pelage HF, but is actually required
for the maintenance of the matrix itself.
The molecular mechanisms underlying
the control of the hair-cycle ‘‘clock’’ are
essentially unknown. The initial hair coat
that appears in the mouse at P6 and on
the human scalp at birth is considered
to be the end-product of hair follicle mor-
phogenesis. In both species, this first hair
coat is shed synchronously in a rostral-to-
caudal pattern and is then replaced by the
first ‘‘adult’’ hairs, which begin to cycle
autonomously in humans and in a mosaic
pattern in mice (Plikus and Chuong,
2008). This study also raises the intriguing
possibility that the matrix cells within the
initial hairs generated at the completion
of HF morphogenesis are compositionally
distinct from those formed in subsequent
cycles, perhaps shedding some light on
the differences between the initial syn-
chronized hair cycle in mammals and
those that persist in the adult.
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